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bstract

Cerium(IV) tungstate powder was chemically synthesized and exploited as adsorbent material for the decontamination study of cobalt and
uropium ions from radioactive waste solutions under simulated conditions using batch technique. The influences of pH, particle size and temperature
ave been reported. The uptake of europium was found to be slightly greater than that of cobalt and the apparent sorption capacity increases
ith increase in temperature. Thermodynamic parameters such as changes in Gibbs free energy (�G◦), enthalpy (�H◦), and entropy (�S◦) were

alculated. The numerical value of �G◦ decreases with an increase in temperature, indicating that the sorption reaction of each ion was spontaneous
nd more favorable at higher temperature. The positive values of �H◦ correspond to the endothermic nature of sorption processes and suggested
hat chemisorption was the predominant mechanism. A comparison of kinetic models applied to the sorption rate data of each ion was evaluated
or the pseudo first-order, the pseudo second-order, intraparticle diffusion and homogeneous particle diffusion kinetic models. The results showed

hat both the pseudo second-order and the homogeneous particle diffusion models were found to best correlate the experimental rate data. The
umerical values of the rate constants and particle diffusion coefficients were determined from the graphical representation of the proposed models.
ctivation energy (Ea) and entropy (�S‡) of activation were also computed from the linearized form of Arrhenius equation.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The optimization of wastewater purification processes
equires a development of new operations based on low cost raw
aterials with high pollutant removal efficiency [1]. Research

fforts have been focused on the isolation of radiocobalt and
adioeuropium ions; as they constitute a significant part of
adioactive liquid waste arising from nuclear facilities [2,3].
mong the methods such as chemical precipitation, oxida-

ion, ultra-filtration, reverse osmosis and electrodialysis, ion
xchange has been known for many years, particularly in the
reatment of low level radioactive liquid wastes and wastewater
rom industrial and domestic purposes. Besides good affinity for

ertain ions or group of ions, the inorganic ion exchangers have
een gaining popularity for ion exchange separation in waste
reatment and in spent fuel reprocessing. These exchangers pos-

∗ Corresponding author. Tel.: +20 2 774 6063; fax: +20 2 462 0796.
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ess very good stability against temperature changes and high
adiation levels, which make them more suitable than organic
xchange resins for the treatment of radioactive liquid wastes.
ecent reviews by Clearfield [4] and Lehto and Harjula [5]
escribe the latest developments in inorganic adsorbents and
heir applications in treatment of nuclear wastes. They also indi-
ated that not many inorganic adsorbents can effectively execute
he separation of fission products from acidic liquid wastes and
uggested the need to develop new inorganic adsorbents that can
unction under these conditions.

A literature survey indicated that various synthetic inorganic
dsorbents were prepared and evaluated for the removal of fis-
ion products from acidic wastes [6–18]. Also, study of sorption
inetics in wastewater treatment is important in providing valu-
ble insights into the reaction pathways and into the mechanism
f sorption reaction. Numerous theoretical models available in

pen literature, based on diffusion and other mechanisms, have
een reported and tested by several workers using both organic
nd inorganic adsorbent materials [16–23]. In the present study,
erium(IV) tungstate powder was successfully prepared and

mailto:kamash20@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2006.07.041
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sed as adsorbent for the removal of cobalt and europium ions
rom nitrate solutions. Studies made were dedicated to the prepa-
ation process, physico-chemical characterization of prepared
owder and description of sorption process. The kinetics of the
orption process has been evaluated in the light of current known
odels and the relevant parameters were determined.

. Experimental

.1. Chemicals and reagents

All the materials used in this work were of super-A
ure chemicals or of equivalent analytical grade and were
sed without further purification. Sodium carbonate, Na2CO3
Aldrich), tungsten trioxide, WO3 (Prolabo), and cerium nitrate,
e(NO3)3·6H2O (Fisher Scientific Co., USA) were used as

eceived. 60Co isotope was purchased from Amersham Life
cience (England) while 152+154Eu was prepared by irradiat-

ng europium nitrate in the second Egyptian Research Reactor,
RR2 at the Inshas site.

.2. Preparation of cerium(IV) tungstate powder

Cerium(IV) tungstate powder was chemically synthesized in
two-step procedure. Twenty grams of cerium nitrate was dis-

olved in a mixture of (130 mL of bidistilled water and 210 mL
f isopropyl alcohol) with vigorous stirring for 2 h, followed by
ol formation using 3 mL of 2 M HCl for 1 h. The sol was sta-
ilized for 2 h and 15 mL H2O was then added in the reaction
ixture. Finally, 20 mL of NH3 solution was added with con-

inuous mixing and the mixture was let stand for gelation for
h. The produced gel was centrifuged and dried at 50 ◦C for
4 h. The prepared powders were washed with bidistilled water
o remove the excess ammonia and residual inorganic materials.

The resulting powder was then used in the preparation of
ure cerium(IV) tungstate powder via solid-state reaction. For
ach sample, starting materials in the appropriate stoichiome-
ries were thoroughly mixed so that 2 moles of sodium carbonate,
moles of tungsten trioxide and 1 mole of the corresponding
ydrous cerium oxide are mixed and heated at 650 ◦C in air
or 5 days with intermediate grindings. The end of the reaction
nd the purity of the synthesized products were confirmed by
-ray diffraction using a Shimadzu detector and Cu K� radia-

ion. Transparent yellow single crystals were obtained by heating
he powder samples in air in platinum crucibles just above the
on-congruent melting temperature, 850 ◦C, during 1 h and slow
ooling at a rate of 5 ◦C/h to room temperature.

.3. Characterization of cerium(IV) tungstate powder

Powder X-ray diffraction data used for least-squares refine-
ents of lattice parameters were recorded on a Shimadzu X-ray

iffractometer (XRD), model XD610 (Japan) at room tempera-

ure, using Bragg–Brentano geometry, with a back monochro-

atized Cu K� radiation. Samples were very lightly ground
nd mounted on a flat sample plate. The diffraction pattern was
canned over the angle range 4–90 (2θ) in step of 0.031 (2θ) and

m
a
m
c
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counting time of 10 s per step. The unit-cell parameters were
efined by a least-squares procedure. Shimadzu DTA–TGA sys-
em of type DTA-TGA-50, Japan was used for the measurements
f the phase changes and weight losses of the sample, respec-
ively, at heating rate of 10 ◦C/min in presence of nitrogen gas
o avoid thermal oxidation of the powder sample. The morphol-
gy of the prepared cerium tungstate powders was studied using
canning electron microscopy. Samples were washed, dried and
ounting on support and then made conductive with sputtered

old. The surface observations were made using JEOL JSM-
400 Scanning Electron Microscope. For each case, the presence
f the metal elements Na, Ce and W in the prepared crystals was
onfirmed by energy dispersive spectroscopy analysis (EDX)
onnected to the Scanning Electron Microscope system.

.4. Kinetic measurements

Batch experiments with 100 �m cerium(IV) tungstate parti-
les and 10−4 M initial metal ion concentration were conducted
o investigate the parametric effects of the initial adsorbate pH
n the sorption process. Cobalt and europium samples were pre-
ared by dissolving a known quantity of both cobalt(II) nitrate
nd europium(III) nitrate, respectively, in double-distilled water
nd used as a stock solution, which was labelled with 60Co and
52+154Eu radioisotopes. The pH of each solution was adjusted
ith liquid ammonia solution (35%) and 1 M HCl solution.
The kinetic behavior of Co2+ and Eu3+ ions on cerium(IV)

ungstate powder was also followed up by application of batch
echnique. 0.25 g of the prepared powder was shaken at 298,
03, 318, and 333 K with 50 mL of 5 × 10−3 M for each ion at a
peed of 250 rpm in a thermostatic shaker for a specified period
f contact time. Then, a fixed volume (2 mL) of the aliquot was
ithdrawn as a function of time while the solution was being

ontinuously shaken. Thus, the ratio of the volume of the solu-
ion to the weight of the adsorbent in the flask does not change
rom the original ratio. To avoid colloidal suspension in the
olutions to be analyzed, the withdrawn solution was highly
entrifuged using 5500 rpm, MLW Zentrifugenban Co. (Ger-
any), for 3 min. A fixed volume (1 mL) of the clear solution
as pipetted out for the determination of the amount of unsorbed
etal ion. The concentration of the metal ion in solution was

etermined radiometrically, using NaI(Tl) scintillation detector
onnected to an ORTEC assembly (Nuclear Enterprises), USA.
he amount of metal ion sorbed onto cerium(IV) tungstate phase
t any time, qt (mmol/g) and the percentage adsorption (P) were
alculated from the expressions:

t =
(

A0 − At

A0

)
C0

V

m
(1)

=
(

A0 − At

A0

)
× 100 (2)

here A0 and At are the initial and time interval activities of

etal ion in solution, V the volume (L), m the weight (g) of the

dsorbent, and C0 is the initial concentration (mmol/L) of the
etal ion used. The sorption process was continued for suffi-

ient long time (∼24 h), and the distribution coefficient, Kd was
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ig. 1. DTA–TGA thermogram of cerium(IV) tungstate prepared by the solid-
tate reaction.

alculated from the equation:

d =
[
A0 − Ae

Ae

]
V

m
× 103 (3)

here Ae is the radioactivity of the solution after equilibrium.
All the experiments were carried out in duplicate and the

ean values are presented.

. Results and discussion

.1. Characterization of cerium(IV) tungstate powder

Fig. 1 shows the simultaneous DTA–TGA analysis of
erium(IV) tungstate powder prepared by the solid-state reaction
t 650 ◦C. The TGA curve indicates a weight loss of the sample
tarting at about 90 ◦C of about 12 wt%, which is attributed to
he removal of physically adsorbed water as confirmed by the
ndothermic peak of the DTA curve at the same temperature. An
xothermic peak began to appear above 850 ◦C, which may be
ssigned to a phase transformation of Na3·Ce(WO3)2O8 to form
a10·Ce8(W5O20)O8 at this temperature without any formation
f decomposition products.

Fig. 2 shows the X-ray diffraction patterns of cerium(IV)

ungstate powder after firing at different temperatures. The
RD data showed that the prepared raw material at 650 ◦C is
ainly composed of cerium tungstate in its sodium form as
a3·Ce(WO3)2O8. This temperature was at least 185–200 ◦C

3

i

Fig. 3. Scanning electron micrographs of cerium(IV) tungsta
ig. 2. X-ray diffraction patterns of cerium(IV) tungstate fired at different tem-
eratures.

ower than that of the cerium(IV) tungstate formed as a result
f the reaction between sodium carbonate, tungsten trioxide
nd cerium oxide through their solid-state reaction at 850 ◦C.
he structure of the prepared cerium tungstate remained con-
tant on raising the firing temperature to 850 ◦C except for the
rystallinity of the compound was enhanced. When the powder
amples are heated widely above the melting point, typically
00 ◦C above, the results, according to [24], were a mixture of
wo types of single crystals, yellow crystals of Na3·Ce(WO3)2O8
nd orange colored single crystals corresponding to compounds
a10·Ce8(W5O20)O8.
These results were qualitatively verified using complimen-

ary EDX sensor connected the SEM unit. The topography of the
repared cerium tungstate products was monitored using SEM
nd viewed in Fig. 3. The surface structure of Na3·Ce(WO3)2O8
s more rough than Na10·Ce8(W5O20)O8. However, the structure
f both compounds contains a network of interconnected pore
treams that lie in the micrometer range.

.2. Kinetic studies
.2.1. Effect of pH
To determine the chemical condition at which Co2+ and Eu3+

ons are effectively sorbed onto prepared cerium(IV) tungstate

te (a) Na3·Ce(WO3)2O8 and (b) Na10·Ce8(W5O20)O8.
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owder, the sorption was studied at different pH ranging from 3.0
o 8.0. It was observed that the uptake of each ion was inhibited
n the acidic medium, pH < 2.0. This could be attributed to the
ompetition between hydrogen ion and studied ions for sorption
nto prepared powder. The highest uptake was observed for Eu3+

t pH range 3.0–4.0. At higher pH values, the uptake of Eu3+ ions
as slightly decreased, which may be attributed to the variation
f the chemical species, due to the formation of the hydroxide
omplexes of Eu3+ ions in solution [25]. The uptake of Co2+ ions
ncreased with pH particularly in pH range 4.0–8.0. All future
orption studies were carried out at pH 6.0 and pH 4.0 for Co2+

nd Eu3+ ions, respectively.

.2.2. Effect of particle size
Fig. 4 shows plots of the amount sorbed of Co2+ and Eu3+ ions

rom nitrate solutions for various adsorbent particle sizes. The
dsorbent diameters shown are the averages of the mesh sizes for
he consecutive sieves that allowed the particles to pass through
nd retained the particles. It is clear from the figure that the metal

on removal rate significantly affected by the particle size. The
ate and extent of sorption, for a constant mass of the adsor-
ent, is proportional to the specific surface area, which is higher
or small particles. Guibal et al. [26] reported that mathematical

ig. 4. Plots of the amount sorbed of (a) Co2+ and (b) Eu3+ ions from aqueous
itrate solutions onto different particle sizes of cerium(IV) tungstate powder.
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odels for external surface diffusion and intraparticle diffusion-
ontrolled sorption dictated that the sorption rate parameters
hould vary with the reciprocal of the first power of the adsor-
ent particle diameter and the reciprocal of some power of the
dsorbent particle diameter, respectively. On the other hand, if
he interaction between the sorbate and the binding sites is kinet-
cally rate controlled, the rate constant, and hence sorption rate,
ill be independent of the adsorbent particle size [27].

.2.3. Effect of contact time and temperature
Fig. 5 shows plots of the amount sorbed of Co2+ and

u3+ ions from aqueous nitrate solutions onto prepared
erium(IV) tungstate powder, at initial metal ion concentration
f 5 × 10−3 M and at temperature range of 298–333 K, as a
unction of contact time. The figure shows a high initial rate
f removal within the first 2 h of contact (over 80% removed)
ollowed by a slower subsequent removal rate that gradually
pproached an equilibrium conditions in 5 h. The metal ions
raction sorbed and their corresponding distribution coefficient
alues were calculated at different temperatures using Eqs. (2)

nd (3) and summarized in Table 1. It is evident that these param-
ters were dependent on temperature and their values increased
ith increasing temperature indicating the endothermic nature
f the sorption processes of both studied ions. In order to gain

ig. 5. Effect of contact time on the amount sorbed of (a) Co2+ and (b) Eu3+

rom aqueous nitrate solutions onto cerium(IV) tungstate powder at different
emperatures.
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Table 1
Equilibrium characteristics and thermodynamic parameters for the sorption of Co2+ and Eu3+ ions on cerium(IV) tungstate at different reaction temperatures

Temperature (K) P (%) Kd (mL/g) Kc = Fe/(1 − Fe) �G◦ (kJ/mol) �H◦ (kJ/mol) �S◦ (J/mol K)

Co2+ Eu3+ Co2+ Eu3+ Co2+ Eu3+ Co2+ Eu3+ Co2+ Eu3+ Co2+ Eu3+

298 56.0 85.0 250 1130 1.27 5.67 −0.59 −4.30
3 .28
3 .00
3 .00
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pseudo first-order rate constant (h−1).

After integration and applying boundary conditions t = 0 to
t = t and qt = 0 to qt = qt, the integrated form of Eq. (7) becomes:
03 70.0 93.0 470 2650 2.33 13
18 91.0 96.0 2020 4800 10.11 24
33 98.0 99.0 9800 19800 49.00 99

nsight into the thermodynamic nature of the sorption process,
everal thermodynamic parameters for the present systems were
alculated. The Gibbs free energy change, �G◦, is the funda-
ental criterion of spontaneity. Reactions occur spontaneously

t a given temperature if �G◦ is a negative quantity. The free
nergy of the sorption reaction is given by the following equa-
ion:

G◦ = −RT ln Kc (4)

here Kc is the sorption equilibrium constant, R the gas constant,
nd T is the absolute temperature (K). The sorption equilibrium
onstant (Kc) can calculated from:

c = Fe

1 − Fe
(5)

here Fe is the fraction attainment of metal ion sorbed at equi-
ibrium.

The values of the equilibrium constant (Kc) for the sorption
f Co2+ and Eu3+ ions onto cerium(IV) tungstate powder were
alculated at different temperatures and at equilibrium time of
4 h using Eq. (5). The variation of Kc with temperature, as
ummarized in Table 1, showed that Kc values increase with
ncrease in sorption temperature, thus implying a strengthening
f adsorbate–adsorbent interactions at higher temperature. This
lso indicates that Co2+ and/or Eu3+ ions dehydrate considerably
t higher temperature before sorption and thus their sizes during
orption are smaller yielding higher Kc values [28]. Also, the
btained negative values of �G◦ confirm the feasibility of the
rocess and the spontaneous nature of the sorption processes
ith preference towards Eu3+ than Co2+ ions.
The Gibbs free change can be represented as follows:

G◦ = �H◦ − T �S◦ (6)

he values of enthalpy change (�H◦) and entropy change (�S◦)
alculated from the slope and intercept of the plot of �G◦ versus
(Fig. 6) are also given in Table 1. The change in �H◦ for both

ons was found to be positive confirming the endothermic nature
f the sorption process. It is of note that �H◦ due to chemisorp-
ion takes values between 40 and 120 kJ/mol [29]. Therefore,
hemisorption is the predominant mechanism for the sorption
f the examined ions. The positive values of the entropy change

�S◦) show the increased randomness at the solid/solution inter-
ace with some structural changes in the adsorbate and adsorbent
nd an affinity of the cerium(IV) tungstate powder towards Co2+

nd/or Eu3+ ions.
F
t

−2.13 −6.52 85.19 61.63 287.85 222.40
−6.12 −8.40

−10.78 −12.72

.3. Sorption kinetics modeling

The study of sorption dynamics describes the solute uptake
ate and evidently this rate controls the residence time of adsor-
ate uptake at the solid/solution interface. In this part of study,
he data of the kinetics of Co2+ and Eu3+ ions sorbed from aque-
us nitrate solutions onto prepared cerium(IV) tungstate powder,
s illustrated in Fig. 5, were analyzed using pseudo first-order,
seudo second-order, intraparticle diffusion and homogeneous
article diffusion kinetic models, respectively. The conformity
etween experimental data and each model predicted values was
xpressed by the correlation coefficient (R2). A relatively high
2 values indicates that the model successfully describes the
inetics of metal ion sorption removal.

.3.1. Pseudo first-order model
The sorption kinetics of metal ions from liquid phase to solid

s considered as a reversible reaction with an equilibrium state
eing established between two phases. A simple pseudo first-
rder model [27–30] was therefore used to correlate the rate of
eaction and expressed as follows:

dqt

dt
= k1(qe − qt) (7)

here qe and qt are the concentrations of ion in the adsorbent
t equilibrium and at time t, respectively (mmol/g) and k is the
ig. 6. Relationship between Gibbs free energy change and temperature of sorp-
ion of Co2+ and Eu3+ ions onto cerium(IV) tungstate powder.
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were increased with increase in temperature. The correlation
coefficient R2 has an extremely high value (>0.99), and the the-
oretical qe values agree with the experimental ones. These results
suggest that the pseudo second-order sorption mechanism is pre-
ig. 7. Pseudo first-order kinetic plots for the sorption of (a) Co2+ and (b) Eu3+

rom aqueous solutions onto cerium(IV) tungstate powder.

og(qe − qt) = log qe − k1

2.303
t (8)

lots for Eq. (8) were made for Co2+ and Eu3+ ions sorption at
ifferent studied temperatures, and shown in Fig. 7. Approxi-
ately linear fits were observed for the two ions, over the entire

ange of shaking time explored and at all temperatures, with
ow correlation coefficients, indicating that the pseudo first-order
inetic model is not valid for the present systems.

.3.2. Pseudo second-order model
A pseudo second-order rate model [30,31] is also used to

escribe the kinetics of the sorption of ions onto adsorbent mate-
ials. The differential equation for chemisorption kinetic rate
eaction is expressed as:

dqt

dt
= k2(qe − qt)

2 (9)

here k2 is the rate constant of pseudo second-order equation
g/mmol h).

For the boundary conditions t = 0 to t = t and qt = 0 to qt = qt,

he integrated form of Eq. (9) becomes:

1

qe − qt

= 1

qe
+ k2t (10) F

E

ous Materials 141 (2007) 719–728

q. (10) can be rearranged to obtain a linear form equation as:

t

qt

)
=
(

1

k2q2
e

)
+
(

1

qe

)
t (11)

f the initial sorption rate h (mmol/g h) is:

= k2q
2
e (12)

hen Eqs. (11) and (12) becomes:

t

qt

= 1

h
+ 1

qe
t (13)

he kinetic plots of t/qt versus t for Co2+ and Eu3+ ions sorption
t different temperatures are presented in Fig. 8. The relation-
hips are linear, and the values of the correlation coefficient (R2),
uggest a strong relationship between the parameters and also
xplain that the process of sorption of each ion follows pseudo
econd-order kinetic model. From Table 2, it can be shown that
he values of the initial sorption rate ‘h’ and rate constant ‘k2’
ig. 8. Pseudo second-order kinetic plots for the sorption of (a) Co2+ and (b)
u3+ from aqueous solutions onto cerium(IV) tungstate powder.



A.M. El-Kamash et al. / Journal of Hazardous Materials 141 (2007) 719–728 725

Table 2
The calculated parameters of the pseudo second-order kinetic models for Co2+ and Eu3+ ions sorbed onto cerium(IV) tungstate

Temperature (K) qe (mmol/g) h (mmol/g h) k2 (g/mmol h) R2

Co2+ Eu3+ Co2+ Eu3+ Co2+ Eu3+ Co2+ Eu3+

298 0.507 0.703 1.066 3.719 4.147 7.528 0.9951 0.9940
3 8.1
3 11.4
3 14.0

d
t

3

[

q

w
(

i
b
s
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t
t
s

3

m
l
d
s
a
i
e
b
fi
t
c

−

T
I
c

T

2
3
3
3

w
s
c
o
p

s
s
d

− ln(1 − X2) = 2Drπ

r2
0

t (16)

where Dr is the particle diffusion coefficient.
03 0.733 0.874 1.976
18 0.828 0.901 2.743
33 0.854 0.953 3.520

ominant and that the over all rate constant of each ion appears
o be controlled by the chemisorption process.

.3.3. Intraparticle diffusion model
The intraparticle diffusion model, Morris and Weber model

32], is expressed as:

t = Kad t1/2 (14)

here Kad is the rate constant of intraparticle transport
mmol/g h1/2).

According to this model, plotting a graphic of qt versus t1/2,
f a straight line passing through the origin is obtained, it can
e assumed that the involved mechanism is a diffusion of the
pecies. In this case the slope of the linear plot is the rate constant
f intraparticle transport. As can be seen in Fig. 9, for times up
o 1 h, the Morris–Weber relationship holds good at all studied
emperatures and the values of Kad were calculated, from the
lope of the linear plots obtained, and presented in Table 3.

.3.4. Homogeneous particle diffusion model (HPDM)
In this model, the rate-determining step of sorption is nor-

ally described by either (a) diffusion of ions through the
iquid film surrounding the particle, called film diffusion, or (b)
iffusion of ions into the sorbent beads, called particle diffu-
ion mechanism. Nernst–Plank equation [33], which takes into
ccount both concentration and electrical gradients of exchang-
ng ions into the flux equation, was used to establish the HPDM
quations. If the diffusion of ions from the solution to the sor-
ent beads is the slowest step, rate-determining step, the liquid
lm diffusion model controls the rate of sorption. In such case,

he following relation can be utilized to calculate the diffusion

oefficient:

ln(1 − X) = 3DC

r0δCr
t (15)

able 3
ntraparticle diffusion rate constant for the sorption of Co2+ and Eu3+ ions onto
erium tungstate

emperature (K) Kad (mmol/g h1/2) R2

Co2+ Eu3+ Co2+ Eu3+

98 0.515 0.629 0.985 0.953
03 0.570 0.846 0.952 0.973
18 0.728 0.880 0.979 0.959
33 0.760 0.974 0.999 0.955 F

f

46 3.679 10.640 0.9976 0.9990
94 3.996 14.158 0.9966 0.9997
33 4.829 15.440 0.9974 0.9998

here C and Cr are the equilibrium concentrations of the ion in
olution and solid phases, respectively, D the diffusion coeffi-
ient in the liquid phase, X the fraction attainment of equilibrium
r extent of adsorbent conversion, r0 the radius of the adsorbent
article, and δ is the thickness of the liquid film.

If the diffusion of ions through the adsorbent beads is the
lowest step, the particle diffusion will be the rate-determining
tep and the particle diffusion model could apply to calculate the
iffusion coefficients. Then, the rate equation is expressed by:

2

ig. 9. Morris–Weber kinetic plots for the sorption of (a) Co2+ and (b) Eu3+

rom aqueous solutions onto cerium(IV) tungstate powder.
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Table 4
Diffusion coefficients for the sorption of Co2+ and Eu3+ ions onto cerium(IV)
tungstate

Temperature (K) Dr × 1014 (m2/s) R2

Co2+ Eu3+ Co2+ Eu3+

298 4.37 4.76 0.995 0.993
3
3
3

r
s
i
m
(
P
o

l
o

l

w
f

from the slope of the straight lines in Fig. 11 and the obtained
values were presented in Table 5. Values of Ea below 42 kJ/mol
generally indicate diffusion-control processes and higher values
represent chemical reaction processes [35]. Such a low value of

Fig. 11. Arrhenius plots for the particle diffusion coefficients of Co2+ and Eu3+

ions sorbed onto cerium(IV) tungstate powder.

Table 5
Kinetic parameters for the sorption of Co2+ and Eu3+ ions onto cerium(IV)
tungstate
ig. 10. Plots of −ln(1 − X2) as a function of time for the diffusion of (a) Co2+

nd (b) Eu3+ from aqueous solutions onto cerium(IV) tungstate powder.

The two previous model equations (Eqs. (15) and (16)) were
ested against the kinetic rate data of both Co2+ and Eu3+ ions
orbed onto cerium(IV) tungstate powder by plotting the func-
ions of −ln(1 − X) and −ln(1 − X2) against contact time. The
traight lines that are obtained in the case of −ln(1 − X) versus
ime does not pass through the origin (graphs omitted), indi-
ating that the film diffusion model does not controls the rate
f the sorption processes. On the other hand, the straight lines
f the plots of −ln(1 − X2) versus contact time, as shown in
ig. 10, pass through the origin for both ions indicating that the
article diffusion model controls the sorption processes at all
tudied temperatures. The slope values of these plots were used
o calculate the effective diffusion coefficients (Dr) using Eq.
16). These calculated values together with the correlation coef-
cient (R2) for both ions are presented in Table 4. The magnitude
f the diffusion coefficient is dependent upon the nature of the
orption process. For physical adsorption, the value of the effec-
ive diffusion coefficient ranges from 10−6 to 10−9 m2/s and for
hemisorption, the value ranges from 10−9 to 10−17 m2/s [34].

he difference in the values is due to the fact that in physical
dsorption the molecules are weakly bound and therefore there
s ease of migration, whereas for chemisorption the molecules
re strongly bound and mostly localized. Therefore, from this

M

C
E

03 5.99 11.58 0.992 0.993
18 7.49 12.78 0.999 0.999
33 10.12 24.16 0.999 0.995

esearch, the most likely nature of sorption is chemisorption
ince the values of Dr were in the order 10−14 m2/s for both
ons. This is in agreement with the pseudo second-order kinetic

odel. Also, based on the values of the correlation coefficient
R2) obtained for all tested models, the pseudo second-order and
HDM models were found to best correlate the rate kinetic data
f the sorption of both ions.

On the other hand, plotting of ln Dr versus 1/T gave a straight
ine, as shown in Fig. 11, proves the validation of the linear form
f Arrhenius equation:

n Dr = ln D0 −
(

Ea

RT

)
(17)

here D0 is a pre-exponential constant analogous to Arrhenius
requency factor.

The energies of activation for both ions, Ea, were calculated
etal ion D0 (m2/s) Ea (kJ/mol) �S‡ (J/mol K)

o2+ 0.21 × 10−9 20.85 −158.95
u3+ 2.11 × 10−9 25.52 −139.77
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[26] E. Guibal, C. Milot, J.M. Tobin, Metal-anion sorption by chitosan
A.M. El-Kamash et al. / Journal of H

he activation energy for the sorption of each metal ion indicates
chemical sorption process involving weak interaction between
dsorbent, cerium(IV) tungstate, and sorbate (Co2+ and/or Eu3+)
nd suggests that each sorption process has a low potential
nergy. The Arrhenius equation would be also used to calcu-
ate D0, which in turn is used for the calculation of entropy of
ctivation (�S‡) of the sorption process using [36]:

0 =
(

2.72d2KT

h

)
exp

(
�S‡

R

)
(18)

here K is the Boltzmann constant, h the Plank constant, d the
istance between two adjacent active sites in the solid matrix, R
he gas constant, and T is the absolute temperature. Assuming
hat the value of d is equal to 5 × 10−8 cm [36], the values of �S‡
or both ions were calculated and presented in Table 5. The value
f entropy of activation (�S‡) is an indication of whether or not
he reaction is an associative or dissociative mechanism. �S‡
alues > −10 J/mol K generally imply a dissociative mechanism
35]. However, the high negative values of �S‡ obtained in this
tudy (Table 5) suggested that each Co2+ or Eu3+ ions sorption
n cerium(IV) tungstate powder is an associative mechanism.

. Conclusion

Cerium(IV) tungstate powder was chemically prepared, char-
cterized using DTA–TGA, XRD, and SEM measurements and
ested as adsorbent material for the removal of cobalt and
uropium ions from nitrate solutions. The kinetics of these
ons was experimentally studied and the obtained rate data
ere analyzed using the pseudo first-order, the pseudo second-
rder, intraparticle diffusion and homogeneous particle diffusion
inetic models. Based on the values of the correlation coefficient
R2) obtained for all tested models, both pseudo second-order
nd PHDM models were found to best correlate the rate kinetic
ata of both ions. The magnitudes of the particle diffusion coef-
cients of both ions were in the order of 10−14 m2/s indicating
chemisorption nature for the sorption processes. The values

f Ea obtained are < 42 kJ/mol, indicating a diffusion-controlled
rocess and based on �S‡ values, the sorption reaction of each
tudied ion is an associative mechanism.
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